The aim of this study was to investigate the effect of Tetragenococcus halophilus addition on the quality of Chinese Horsebean-Chili-Paste (CHCP). T. halophilus SZ-B-2 isolated from soy sauce moromi was identified based on physiological tests, carbon substrate utilization patterns (Biolog) and the 16S rDNA sequence and deposited as T. halophilus CGMCC 3792. The strain SZ-B-2 can grow at 25% NaCl and exhibited relatively broad ranges of pH. The potential of T. halophilus as a starter culture for quality improvement in CHCP fermentation was elucidated. As a result, T. halophilus inoculated sample exhibited higher total titratable acid, formol nitrogen and reducing sugar contents compared with the control. In addition, the addition of T. halophilus decreased the content of nitrite by 39.4%. Major volatile compounds were 9,12-octadecadienoic acid, 1,2-propanediol, ethyl 9,12-octadecadienoate, ethyl 9-hexadecenoate. The inoculated sample showed higher contents of volatile compounds including acids, alcohols, esters and aromatic compounds. Thus, T. halophilus addition may promote the formation of desirable odor and improve the flavor of CHCP.
Introduction
Chinese horsebean-chili-paste (CHCP, also called as Doubanjiang) is a traditionally fermented condiment. The manufacture process of CHCP includes three phases: koji manufacturing, horsebean grain as well as smashed chili fermentation and ripening of horsebean-chili mixture. For the first phase, the shelled horsebean was soaked in boiled water for less than 3 min, and then the horsebean was cooled and mixed with raw wheat powder (horse bean : raw wheat powder 4:1, w/w) to make koji. In the second phase, the koji was mixed with brine (1:1) to create a mixture known as horsebean grain, and the horsebean grain fermentation was conducted for more than 8 months under room temperature. The fresh chili was chopped and mixed with salt (13 − 15% of chili weight) and subsequently, fermented for more than 3 months at ambient temperature to yield chili moromi. In the third phase, horsebean grain and chili moromi were mixed at the ratio of 3:7 (called as initial Jiang pei or paste), and the mixture was ripened in exposure environment at day and light for more than 18 months. The distinct technique during the whole manufacture process contributes to the particular flavor, and the CHCP is recognized as "the soul of Sichuan dishes". Recently, CHCP is gaining increasing interest due to its characteristic flavor and promising market. Traditionally, the production of CHCP solely relies on the natural fermentation process, which leads to the control of the physiochemical and flavor quality rather limited. In addition, the long period of fermentation also limited the development of CHCP industries. The use of starter culture has been reported to improve the quality of many fermented foods as well as shorten the fermentation process (Beganovié et al., 2011;  buffer and plated on to a sterile MRS (Oxoid) agar containing 1.5% CaCO 3 (w/v), 12% NaCl (w/v). This was subjected to incubation at 30℃ for 48 − 96 h, and the colonies that exhibited clear zone on the plates were individually picked and streaked on MRS agar containing 12% NaCl (w/v) and 1.5% (w/v) CaCO 3 . This procedure was repeated three times in order to purify the isolates. Each isolate was first tested for catalase by placing a drop of 3% hydrogen peroxide solution on the cells. Only those isolates which were catalase negative were Gram-stained, and only those were Gram-positive were stored at −20℃ for further analysis.
The selected isolates were inoculated in raw soy sauce medium (Hamada et al., 1991) and the contents of lactic acid and flavor compounds were determined after incubation at 30℃ for 7 days. The objective isolate was chosen according to similarity of volatile compounds profiles of naturally fermented CHCP samples harvested from Sichuan Pixian doubian Corporation (Chengdu, China), which had ripened for 24 months.
Identification of objective isolate Conventional physiological and biochemical characterization tests were carried out as described in Bergey's Manual of Systematic Bacteriology (Holt et al., 1994) . The carbon-source utilization was examined by a standardized micromethod, employing with the Biolog microstation (GP2; Biolog Hwyward, USA). 16S rDNA identification was performed according to Zheng et al. (2008) .
Investigation of the growth performances of T. halophilus CGMCC 3792 T. halophilus CGMCC 3792 strain grown in MRS broth to an OD 600 of 0.5 was transferred to fresh modified MRS broth with an inoculum amount of 2%. To investigate the tolerance to salt and ethanol, the MRS broth was supplemented with different concentrations of NaCl and ethanol, respectively. To investigate the tolerance to acid stress, the fresh MRS broth was adjusted to different pHs with HCl. Thermotolerance was investigated by culturing the strain at different temperatures. The growth performances of the cells under various conditions were monitored by measuring the OD 600 at 60 h.
Determination of the industrial potential of objective isolate as starter culture The halotolerant T. halophilus was grown statically in MRS broth (Oxoid) with 12% NaCl at 30℃ for 60 h to obtain preculture. The preculture was washed twice with saline (0.9%, w/v) to produce cell suspension of 10 8 CFU/mL. 5% (w/v) of cell suspension of T. halophilus was inoculated into initial Jiang Pei, and the physiochemical characteristics of Jiang Pei were monitored after ripening for 2 months. Microbiological analysis Jiang Pei sample (10 g) was aseptically taken at various fermented intervals and enumer- Rabie et al., 2011; Udomsil et al., 2011) . Akolkar et al. (2010) reported that exogenous addition of Halobacterium sp. SP1 significantly accelerated the fish sauce fermentation. Beganovié et al. (2011) investigated the effect of probiotic strain Lactobaciilus plantarum L4 and Leuconostoc mesenteroides LMG 7954 addition on the production of sauerkraut. Results showed that the addition of both strains lowered the NaCl concentration from 4.0% to 2.5% (w/v), accelerated the fermentation process by 14 d and improved the product quality. Yongsawatdigul et al. (2007) had achieved the acceleration of Thai fish sauce fermentation by using halophilic bacterial starter cultures of Vibriobacillus spp. SK33, SK37 and Staphylococcus sp. SK-1-5 in combination with commercial enzymes alcalase and flavourzyme. Moreover, the inoculated samples exhibited increased desirable volatile compounds and free amino acids, which were responsible for the unique taste of fish sauce.
Lactic acid bacteria (LAB) play a key role in the production of traditionally fermented foods such as soy sauce (Tanaka et al., 2012) , soybean paste (Cui et al., 2012) , miso , and kecap (Roling and Van Verseveld, 1996) . Furthermore, halophilic LAB, the dominant LAB have been widely used as industrial starter to improve the quality or shorten the ripeness periods (Ogasawara et al., 2006) . Among halophilic LAB, the genus Tetragenococcus was found in many fermented foods such as soy sauce, fish sauce, shrimp, and fermented black beans (Chen et al., 2006; Fukami et al., 2004; Udomsil et al., 2011) and it comprised five species: T. halophilus, T. muriaticus, T. solitaries, T. koreensis and T .osmophilus (Justé et al., 2008) . The bacteria species could grow in 18% NaCl or greater, and produced numerous volatile compounds (Udomsil et al., 2011; Udomsil et al., 2010) . T. halophilus was mainly used in the manufacture of soybean paste and soy sauce in oriental countries and the volatile compounds metabolized was consistent with the products produced by conventional technology (Kobayashi et al., 2004) . Therefore, the aim of the present work was to isolate and identify a halotolerant T. halophilus and investigate the industrial potential as a starter culture in CHCP manufacture.
Materials and Methods
Isolation of halotolerant lactic acid bacteria Isolation of halotolerant lactic acid bacteria was performed according to Hwanhlem et al with some modifications (Hwanhlem et al., 2011) . Briefly, five grams of the soy sauce moromi, obtained from Deyang soy sauce manufacturing factory, was added to 100 mL sterile 0.05 M potassium phosphate buffer (pH 6.5) containing 12% (w/v) NaCl (PBS) and shaken for 5 min. Appropriate decimal dilutions were prepared in PBS pact (EI) mode at 70 eV. The spectra was taken over the m/ z range of 45 − 400. Identification of the volatile compounds was performed by comparing their mass spectrum with the standard mass spectrum database (NIST, version 05, Gaitherburg, MD, USA). The concentrations of volatile compounds were calculated from peak area relative to the internal standard 2-octanol.
Statistical analysis The student's t test was employed to investigate statistical differences. Samples with P values of < 0.05 were considered statistically different.
Results and Discussion
Isolation and identification of halotolerant lactic acid bacteria In this study, MRS agar containing 12% NaCl and 1.5% CaCO 3 was used as a preliminary screening medium for lactic acid bacteria. CaCO 3 was used as an indicator for acid-producing strains since it dissolved when interacted with acid then a clear zone was observed . It was found that a total of 148 isolates grew on MRS agar and exhibited a clear zone. However, of these isolates, 110 isolates were identified as lactic acid bacteria according to the criteria of Gram-positive and catalase negative. Among the 110 isolates, the strain SZ-B-2 exhibited biggest clear zone and highest similarity of volatile compounds with commercial CHCP was selected for further identification (data not shown).
The detailed physiological characteristics of SZ-B-2 were investigated (Table 1) . Gram staining and MR test were positive. Oxidase reaction was negative, as well as catalase reaction, VP test, indole production, starch hydrolysis, and nitrate reduction. Strain SZ-B-2 could not grow at 45℃ and pH 4.5, and could grow in MRS containing 25% NaCl (Table 1) . These data indicated that strain SZ-B-2 resembled a member of Tetragenococcus genus.
Biolog analysis was used to determine the relative capacity of substrate utilization of strain SZ-B-2. Results illustrated that the isolate could react with 20 of the 95 carbon substrate after incubation for 72 h (Supplementary Table  S1 ). According to the Biolog identification, the reaction proated for lactic acid bacteria population by spread plate method using MRS agar containing 18% NaCl and 1.5% CaCO 3 and incubated at 30℃ for 5 days under anaerobic condition. The population of halotolerant bacteria was also monitored using modified JCM168 medium containing 20% NaCl and incubated at 37℃ for 5 days under aerobic condition (Udomsil et al., 2011) .
Chemical analyses Total titratable acidity was determined by titrating the brine with 0.1 M sodium hydroxide with phenolphthalein (0.1% (w/v) in 95% ethanol) as the indicator. Formol nitrogen and reducing sugar were determined by the Jiang et al. method (2007) and the Somogyi-Nelson method using glucose as a standard (Nelson, 1944) , respectively. Nitrite content of CHCP was determined by using colorimetric nitrite assay described by Ito et al. (1979) .
Extraction and analysis of aroma compounds The CHCP samples harvested after cultivation for 2 months were subjected to aroma compounds analysis with the following protocols. Sample was grinded into homogenized paste, and 0.50 g grinded sample was added with 4 mL methanol and 2-octanol as internal standard (4.11 mg/L). The mixture was stirred for 20 min, and centrifuged (180 × g) at 4℃ for 10 min. The supernatant was collected, and the residual was reextracted twice with 2 mL methanol according to the above procedure. All the extracts were combined and diluted to a final volume of 10 mL with methanol for GC/MS analysis. Sample was analyzed in triplicate on a Trace GC Ultra gas chromatograph-DSQ ΙΙ mass spectrometer (Thermo Electron Corporation, USA) equipped with a TR-5MS capillary column (30.0 m × 0.32 mm i.d., 0.25 μm film thickness, Thermo, USA). GC analyses were performed under the following conditions: an inlet temperature of 270℃, split ratio of 10:1, and Helium (purity: 99.999%) carrier gas flow of 1 mL/min. The oven temperature was held at 40℃ for 5 min, followed by an increase of 5℃/min to 200℃, and then programmed at 6℃/min until 220℃, and held for 10 min. For mass spectrometer, the temperatures of the transfer line, quadruple and ionization source were 250℃, 150℃, and 230℃, respectively. The mass spectrum was generated in the electron im- medium containing 20% NaCl, the biomass and total titratable acid concentration decreased 71.7% and 46.3%, respectively, compared with that obtained in the presence of 8% NaCl. In addition, the tolerances of T. halophilus to pH and temperature stresses were monitored (Fig. 1B and Fig. 1C ).
T. halophilus exhibited relatively broad ranges of pH and temperature tolerance and the optimal growth pH and temperature were 6.8 and 30℃, respectively. Fig. 1D exhibited the changes of biomass and total titratable acid under ethanol stress. The addition of enthanol led to decreased biomass and total titratable acid. When challenged with 3.5% ethanol, T. halophilus exhibited 29.8% and 18.9% decrease in the biomass and total titratable acid, respectively, compared with that challenged with 0.5% ethanol. Based on these results, it can be concluded that T. halophilus possesses high tolerance to various environmental stresses. Halophilic lactic acid bacteria have been recognized as dominant microorganisms in many fermented foods Roling and Van Verseveld, 1996; Udomsil et al., 2010) . Previous studies showed that T. halophilus was one of the halotolerant bacteria and was able to grow file was similar to that of T. halophilus with 99% identity (data not shown). In addition, the 16S rDNA sequence of the strain SZ-B-2 was related to T. halophilus type strains, and the sequence similarity of the isolate compared to T. halophilus AB041346, T. halophilus AB041346 and Uncultured bacterium DQ922968 was 99%. Phylogenetic tree analysis showed that the isolate fell in the same cluster of T. halophilus AB041346 and T. halophilus AB041346 (Data not shown). Therefore, strain SZ-B-2 was identified as a strain of T. halophilus and deposited in the China General Microbiological Culture Collection Center (CGMCC3792) for further studies.
Growth performances of strain T. halophilus CGMCC 3792 during multiple-stress T. halophilus encountered various stress conditions during the manufacture of CHCP. In this study, we investigated the growth performances of T. halophilus and total titratable acid concentrations during NaCl, pH, temperature, and enthanol stresses (Fig. 1) . As shown in Fig. 1A , T. halophilus can grow at 20% NaCl and the biomass and total titratable acid decreased with the increase of NaCl concentration. When cultured in MRS cumulation of lactic acid and other organic acids. Thus, the increased total titratable acid in CHCP sample inoculated with T. halophilus may be due to organic acid produced by T. halophilus. In addition, it is noteworthy that the inoculated samples displayed 14.4% and 12.5% higher contents in formol nitrogen and reducing sugar, respectively, than the naturally fermented samples. Generally, the changes in formol nitrogen and reducing sugar may be ascribed to Maillard reaction between them or the utilization by microorganisms as energy (Kim and Lee, 2008; Sugiyama, 1984) . The utilization by microorganisms may be the main reason for the difference in contents of formol nitrogen and reducing sugar between both samples. Although the inoculated sample contained higher counts of lactic acid bacteria, the spontaneous fermentation samples exhibited higher counts of miscellaneous halotolerant bacteria (Fig. 2) . Moreover, the growth and metabolism of lactic acid bacteria is relatively slow. Therefore, the inoculated samples contained higher concentrations of formol nitrogen and reducing sugar than the samples without starter culture addition.
Changes in nitrite contents during the fermentation of CHCP Nitrate is a natural compound of many vegetables, in a high-salt environment. Udomsil et al. (2010) isolated 7 T. halophilus strains from fish sauce and all of these strains could grow at 25% NaCl in MRS broth and pH 4.5 − 9.0. Our results also demonstrated that T. halophilus could grow under multiple-stress, which contributed to the growth of T. halophilus during CHCP fermentation.
Microbial analysis during the fermentation of CHCP Changes in numbers of lactic acid bacteria and halotolerant bacteria during the fermentation of CHCP were shown in Fig. 2 . The initial lactic acid bacteria count in inoculated sample was 10 6 CFU/mL, whereas those naturally fermented sample was 10 4 CFU/mL ( Fig. 2A) . LAB counts in all samples decreased during the initial stage of fermentation, and drastic increments were observed after 30 days of cultivation. At 60 days, the number of LAB in sample inoculated with T. halophilus was approximately 6-fold higher than that in the control (without T. halophilus addition) ( Fig. 2A) . The trend of halotolerant bacteria alteration was similar to that of LAB (Fig. 2B ). The number of halotolerant bacteria in both samples decreased with the extension of fermentation and then increased gradually after 30 days. After 60 days of incubation, the inoculated sample exhibited approximately 4-fold higher counts in halotolerant compared with the control (Fig.  2B) . A detailed analysis of data provided in Fig. 2 by subtracting the LAB count from halotolerant bacteria count in each sample at 60 days, we found that a 23.4% higher number of miscellaneous bacteria presented in the naturally fermented sample than that in the inoculated sample. The lower number of miscellaneous bacteria presented in sample prepared by inoculated fermentation may be due to the inhibition effect proposed by lactic acid bacteria. The proliferation of LAB led to the rapid lactic acid production and pH drop and subsequently the inhibition of other halotolerant bacteria in inoculated sample. Similar results have been reported for other fermented products (Muyanja et al., 2003; Nout, 1991; Ruiz-Barba et al., 1994; Yan et al., 2008) . Svanberg et al. (1992) reported that lactic acid fermentation inhibited the proliferation of Gram-negative pathogenic bacteria including toxicogenic Escherichia coli, Campylobacter jejuni, Shigella flexneri and Salmonella typhimurium. Therefore, the decreased miscellaneous halotolerant bacteria obtained by inoculated fermentation may contribute to improve the quality of CHCP. Physicochemical analysis of CHCP Effects of T. halophilus addition on total titratable acid, formol nitrogen, and reducing sugar contents were investigated (Fig. 3) . As expected, the inoculated samples exhibited significantly higher concentration of total titratable acid compared to the corresponding controls (without T. halophilus addition). The growth of lactic acid bacteria accompanied with the ac- of spontaneous fermentation during the whole fermentation process. After 60 days of fermentation, the nitrite levels in samples with or without T. halophilus addition were 0.77 or 1.27 mg/(kg DW), respectively. These results suggested that the addition of T. halophilus during CHCP fermentation may effectively inhibit the formation of nitrite and decrease the content of nitrite in CHCP.
The potential mechanisms involved in nitrite depletion include chemical depletion and enzymatic degradation (Dodds and Collins-Thompson, 1984; Oh et al., 2004) . Previous researches demonstrated that the inoculation of lactic acid bacteria in fermented foods was effective to inhibit the formation of nitrite (Ji et al., 2009; Yan et al., 2008) . In our study, similar results were obtained with the addition of T. halophilus (Fig. 4) . At the initial stage of fermentation, the number of lactic acid bacteria was low and miscellaneous bacteria presented predominantly, which led to the rapid growth of nitrate-reducing bacteria and a sudden rise in nitrite concentration (Yan et al., 2008) . While, at the later stage of fermentation, the growth of T. halophilus led to the accumulation of organic acids. Thus, the nitrite contents decreased after 10 days of cultivation and the inoculated samples exhibited lower nitrite content compared to the control samples.
Formation of volatile compounds A total of 28 compounds were identified in CHCP including 8 acids, 4 alcohols, 8 esters, 5 aromatic and 3 miscellaneous compounds (Table 2) . Among the 8 acids identified, lactic acid, hexadecenoic acid, 9,12-octadecadienoic acid and oleic acid were the major acids found in CHCP samples, which accounted for 96.7% and 96.5% of the total acids in naturally fermented and inoculated samples, respectively. In addition, it was worth noting that the contents of all the acids except hexafruits, and cured meats, and it can be converted to nitrite by nitrate reductase containing bacteria during fermentation (Yan et al., 2008) . Furthermore, consumption of nitrite has been linked to methemoglobinemia and increased incidence of cancers (Majumdar, 2003) . Therefore, in the present study, we investigated the effect of T. halophilus addition on the changes in nitrite content during CHCP fermentation. As shown in Fig. 4 , the nitrite concentration accumulated rapidly during the first 10 days of fermentation and then decreased gradually in both samples. Nitrite concentrations of sample inoculated with starter culture were lower than that higher concentrations in the inoculated samples (Table 2) .
A total of 4 alcohols were detected in the present study, and propanetriol was the most abundant alcohol. Alcohols gave pleasant aromas and sweet flavors (Steinhaus et al., 2009) , and all of the alcohols except ethanol detected exhibited increased amounts in inoculated fermented samples (Table 2) . Propanetriol, as a free sugar alcohol, was also detected in fish miso (Giri et al., 2011) . It is generally fermentable by most fungi and yeasts and their metabolites are reported to act as a precursor of several aroma-active compounds in several fermented products (Giri et al., 2011 ; Han noic acid increased in inoculated fermented CHCP sample. Hexanoic acid exhibits rancid, fatty and cheese odor, and it may not affect the overall flavor of product due to its relatively low concentration and high odor threshold value (3 mg/L) (Muñoz et al., 2007) . Lactic acid was accumulated with the growth of T. halophilus and the content in inoculated sample was 1.64-fold higher that in the control. Fatty acids have been described with fruity, cheese, fatty, and rancid notes (Rocha et al., 2004) . Among these compounds, octanoic acid, tetradecanoic acid, hexadecanoic acid, octadecadienoic acid, oleic acid and stearic acid were present at et al., 2001) . The role of alcohols on the overall acceptance in CHCP has not been reported because their odor threshold was relative high (Gómez-Míguez et al., 2007; Michihata et al., 2002) . Esters are one of the most important flavor compounds in fermented foods as they volatilize quickly and human nose are sensitive to them (Lee and Ahn, 2009; Raghavendra et al., 2010) . Generally, esters are found in fermented food, which are derived from esterification of alcohols with carboxylic acids formed by microbial and enzymatic decomposition of lipids. In this study, a total of 8 esters were detected and most of the esters detected in this study had been previously found in soybean paste, miso or soy sauce (Fan et al., 2011; Sun et al., 2010; Zhao et al., 2011) . A detailed comparison showed that higher contents of ethyl esters were detected compared with methyl esters, which was in agreement with previous research in soybean paste (Zhao et al., 2011) . Yamabe et al. (2004) reported that ethyl esters could be used to monitor the maturation of miso, and the inoculated sample exhibited slight higher contents of ethyl esters than the naturally fermented sample, suggesting that the addition of T. halophilus may accelerate the fermentation of CHCP.
In this study, a total of 5 aromatic compounds were identified. Compared with the control, the inoculated sample exhibited higher concentrations of aromatic compounds except phenylethanol. Phenylethanol contributes to a rose and honey odor, but it is unlikely to be important compound due to its high threshold value of 200 mg/L (Muñoz et al., 2007) . Phenylacetaldehyde, 4-ethylphenol, 4-ethyl-2-methoxyphenol, and 2-methoxy-4-vinylphenol are important aromatic compounds in many fermented foods (Giri et al., 2011; Kaneko et al., 2012) , and they exhibit honey-like, sweet and spicy, spicy and burnt, and spicy and burnt notes, respectively (Kaneko et al., 2012) .
In addition, the inoculated sample exhibited higher contents of 3-(methylthio)-propanal, furfuryl alcohol, and butyrolactone, which were also detected in fish miso (Giri et al., 2011) and contributed to boiled potato-like, floral, and caramel odor, respectively (Liu et al., 2012) . Notably, 3-(methylthio)-propanal may positively affect the overall flavor of CHCP due to its low odor shreshold value of 0.5 μg/L (Giri et al., 2011) . These results demonstrated that T. halophilus may play a significant role in flavor and aroma formation during fermentation and the addition of T. halophilus may improve the flavor of CHCP. To our knowledge, this is the first report demonstrating the positive effect of T. halophilus as a starter culture for CHCP fermentation, particularly in improving quality of CHCP.
